We refined flexible waveguides previously developed for CO 2 and Er:YAG laser radiation to transmit free-electron-laser ͑FEL͒ radiation. One can tune this laser over several segments of the radiation spectrum. This laser has a high peak power of as much as 10 MW with pulse energy of as much as 100 mJ. We made the waveguides of either Teflon or fused-silica tubes internally coated with metal and dielectric layers. We optimized the internal coatings specifications for transmission of various radiation wavelengths in the mid-IR range and enabled transmission of high-peak radiation. We performed experiments in three major FEL sites in the United States over a more than 1-year period when we measured and examined various characteristics of transmission. We used the analysis of these experiments as feedback to further improve these waveguides. The good preliminary results encourage us to invest more effort to further develop these waveguides until a suitable waveguide is obtained for this type of laser and make possible its introduction to the medical field where its characteristics can be exploited in surgical applications.
Introduction
Free electron lasers ͑FEL's͒ 1 are tunable lasers over a wide range of wavelengths. As devices that radiate in the mid-and far-IR regions, UV and x-ray FEL's are operable or under construction. Conventional lasers are usually based on excitation of a material in a cavity that usually is either gas or solid. Electrons are excited to an upper level and cause inversion of population, and when they return to the basic or intermediate level, they emit energy in the form of laser. The type of the material and the type of impurities embedded in it are the factors that determine the laser wavelengths. Because inversion usually occurs on a small number of levels, lasers emit in a single wavelength or in a finite small number of wavelengths in a small segment of the spectrum. FEL laser radiation, on the other hand, is radiation produced from an accelerated electron beam that is wiggled between alternating magnetic poles. Equation ͑1͒ gives the radiation wavelength:
where L is the laser output wavelength, W is the period of the wiggler ͑the distance over which the magnetic field undergoes a complete cycle͒, e is the electron charge, B W is the magnetic induction, m 0 is the rest mass of the electron, c is the velocity of light, and ␥ is the energy of the electron in the units of its rest energy ͑0.511 MeV͒.
On the basis of this principle, radiation can be produced over a broad band of wavelengths, from the far IR to the far UV. With this in mind, one can use these lasers, which are under continuous development, in medicine: in surgical procedures such as cutting or welding and in diagnostic procedures such as time-of-flight imaging in tissue. The tunability of the laser makes it a great tool for research. We find that studying the spectral behavior of the various components of tissue can suggest alternative wavelengths for cutting tissue. The major laser that has been used for years for cutting soft tissue is the CO 2 laser at 10.6 m. With this laser, one can perform neat and precise cutting with minimal thermal damage. Studies of collagen, the main building brick of connective tissue, suggest that the 6.445-m wavelength, which coincides with a peak absorption wavelength of the amide II band, 2 could provide an alternate cutting wavelength with possibly better performance. FEL's tuned to this wavelength enable us to investigate laser radiation at this wavelength and its interaction with tissue.
A medical facility consisting of five operating rooms located above a FEL site is currently under construction at Vanderbilt University. 3 This was arranged in order to direct more efforts to the application of the FEL radiation into the medical field. The laser radiation is guided through a series of mirrors inside large cylindrical evacuated tubes from the machine and up to an outlet in the wall of the operating room. Development of a flexible fiber or waveguide that can be coupled to the laser outlet on the wall and transmit its radiation in tortuous trajectories to the operating table can contribute to speeding the implementation of this laser in medical applications. This waveguide needs to enable easy maneuvering in the operating field and direct the beam safely and effectively to where it is needed. The 6.445-m wavelength as well as the 2.94-, 5.5-, and 10.6-m wavelengths, from conventional lasers are all in the mid-IR range of the spectrum and have importance in either soft-or hardtissue interaction. This leads to the conclusion that it is worthwhile to concentrate on the development of a waveguide͞fiber that can transmit radiation in this region of the spectrum.
Development of waveguides and fibers for the mid-IR range Ͼ2.5 m has been the goal of many research groups all over the world for more than 20 years. The upper limit of radiation wavelengths that can be transmitted by silica fibers is 2.5 m. The delivery of CO 2 laser radiation, the most broadly used laser in surgical procedures, was the initial goal that all these groups tried to conquer. Fibers made of silver halide, 4 fluoride glasses, 5 chalcogenide, 6 or liquid core 7 and sapphire 8 can cover part of the range 2.5-11 m, but they transmit poorly in the rest of the range. Hollow-core waveguides with internal reflecting and refracting layers can cover the major part of this range by means of optimizing them to the segment needed. Five major groups suggest different solutions to this mid-IR transmitting problem. Groups of researchers that include Levy 9 and Morrow ͑Ref. 10͒ introduced waveguides made from metal tubes and used two different dielectric layers and different coating techniques. Both groups use it for CO 2 laser radiation in their commercial lasers. Harrington's group ͑see Refs. 11 and 12͒ introduced hollow fused-silica waveguides with AgI as a dielectric layer and later reported the use of a chemical vapor deposition technique for multidielectric layer depositing and the optimization of the layer thickness for various wavelengths. 13 Miyagi's research group introduced metal-based waveguides with Ge or ZnS as the dielectric layer 14 and, later, with polyimide as the dielectric layer. 15 An attempt to optimize to a certain spectral range was done with a multilayer of ZnS͞Ge͞ZnS inside nickel tubing. 16 We introduced a Teflon tubing or fused-silica-based waveguide internally coated with silver and silver iodide as the reflecting-refracting layers. 17, 18 The depositing is performed by chemical electroless methods. By controlling the flow rate and the time of interaction of the liquids and the concentration of the reacting components, we were able to optimize the thickness of the dielectric layer, thus optimizing it for better transmission at a specific segment of the mid-IR spectral range. The wavelength of the absorption lines ͑WAL͒ of the spectrum depends mainly on the thickness of the dielectric layer ͑t͒. 18 With the assumption of grazing angles and wavelengths in the IR region, the equation that describes the connection of t and WAL becomes very simple:
where WAL and t are in micrometers. The Teflon waveguides are the most flexible available today, with a bending radius as low as 5 mm and a 180°angle. The drawback is the limitation of the melting point of the Teflon, which does not allow more than 100 W of cw laser radiation transmission. For higher continuous power the fused-silica waveguide is used. In the case of very short high peak power laser pulses, both waveguides can fulfill the task ͑see Section 3͒. Figure 1 shows a general schematic drawing that describes the waveguide. We found that the waveguide can be applied to all other previously mentioned waveguides with changes of the material used. The external protecting jacket is not always used in all waveguides. It is usually used to enhance flexibility and avoid kinks of the metal-tubing-based waveguide.
The FEL with its wide range of radiation wavelengths and high peak power is an ideal tool for testing the performance of our waveguide. Enhancement of the waveguide on the basis of the results of these experiments will create a reliable high-efficiency waveguide that transmits FEL radiation and enables a variety of new applications with this type of laser in medicine. We describe experiments of the FEL radiation transmission characteristics of our waveguides in Sections 3 and 4. We discuss laser wavelength transmission optimization, transmission as a function of radius of curvature, beam-shape analysis ͑temporal and spatial͒, and comparison with the conventional Er:YAG laser transmission because they are all important features when a waveguide developed for this purpose is described.
Materials and Methods
We performed the experiments at the following three FEL's: Vanderbilt University, Nashville, Tenn., Duke University, Durham, N.C., and Stanford University, Palo Alto, Calif. Each machine differs in its characteristics, and each center is equipped for different experimental setups. Table 1 summarizes the typical characteristics of these three lasers; they are combinations of published specifications of the lasers and measured characteristics that were available on the days of experiments. The specifications change frequently because of conditions that exist at the time of operation. For example, vacuum in the energy transmission pipes may not be always maximal, and any leak can affect the energy. Mirror conditions and magnetic field variation also affect the output beam.
The waveguide was always coupled to the laser outlet through a lens with a 100-mm focal length. We mounted a 15-cm-long coupler on a five-stage positioner ͑XYZ and two rotational stages͒ in order to align the beam properly into the waveguide so that it would not damage the internal walls and the beam would be launched exactly in the center of the waveguide's inlet. Disks with radii that varied from 25 to 175 mm were used for testing the waveguide's transmission under bending conditions. The distal part of the waveguide was bent along the disks at a 90°angle. We measured the output energy with a pyroelectric detector ͑Model 25 from Coherent Inc., Santa Clara, Calif.͒. Each energy transmission result was an average of ten readings. We measured the input energy at the beginning and at the end of each segment of the experiment. We measured the temporal pulse shape of the macropulse with a HgCdTe detector ͑EG&G, Ltd, California͒. We performed a beam-shape reading and analysis with a Spiricon, Inc. pyroelectric detector array and controller. We used Teflon and fused-silica waveguides, optimized to various wavelengths, with internal diameters of 1.9 and 1.0 mm.
Results
First, we investigated the efficiency of the optimization process under which we fabricated our waveguides. We took two waveguides of interest: one optimized near the 3-m wavelength and the other near the 6.445-m wavelength. We measured both waveguides at 6.445 m. Figure 2 shows the results of this measurement. One can see that a lower attenuation is achieved in the waveguide at which the optimization was attempted. We note that this has proved the functionality of the optimization. To study the sensitivity of optimization, we took a 3-m optimized waveguide and measured it at three different wavelengths within the 6 -7-m region ͑these correspond to absorption peaks of dry collagen that are not shown here͒. Figure 3 shows the results. The measured attenuation is higher when we measure farther away from the optimized midwavelength, which shows that the waveguide is acting as a filter that starts to cut off at this range. In both Figs. 2 and 3 the attenuation is a linear function of the reciprocal of the bending radius. One can achieve the lowest attenuation when the waveguide is straight and the attenuation rises as the radius of curvature decreases.
We performed another experiment to compare the attenuation at the same wavelength for two different laser sources: the Er:YAG laser and the FEL laser. We used the same waveguide in these two measurements. Figure 4 shows the results of this comparison. We observe a big difference in attenuation for these two sources. There are two possible explanations for this phenomena. The first explanation is that the mode structure of these two lasers is different. While the Er:YAG laser beam had a smooth Gaussian shape, the FEL beam shape was not a TEM 00 beam. In the transmission of the laser beam, part of the modes are attenuated because the waveguide is sensitive to the mode structure. Support of this explanation can be found in the beamshape analysis, which is found below. The second explanation, which is yet to be investigated, is the fact that the FEL pulse consists of high peak power micropulses ͑see Fig. 5͒ that might cause significant thermal loss while the laser radiation is transmitted by the waveguide.
In the next experiment we measured the pulse transmission. Figure 5 shows a comparison of the pulse temporal shape between the input and the output of the waveguide. The FEL macropulse is composed of a series of micropulses, each of which may have a peak power of several megawatts. The two pulses shown in this figure were recorded simultaneously by two different detectors. One detector, with use of a shunt beam, sees the FEL beam at the input and the other detector sees the beam at the waveguide's outlet. The pulses are similar in shape and identical in length. There is an energy loss during transmission; therefore the output pulse height is lower.
In the next experiment we measured the attenuation as a function of input energy. Because the Vanderbilt machine is the most powerful of all, one can achieve the best comparison with this laser. We set four different levels of energy. Figure 6 shows the results.
As seen in Fig. 6 , there is a clear connection between attenuation, bending radius, and energy input. When we go along the same input energy level, the attenuation becomes higher as the bending radius become smaller. In the smaller radii, the beam impinges the layers more times, thus more loss of energy occurs. When we look at the different energy levels we see that the difference in attenuation for each radius is larger. This suggests that when the energy is higher, the temperature rises and causes higher losses. None of the waveguides was damaged in this experiment.
The last experiment that we describe is the comparison between the beam shape at the laser output and at the waveguide output. Figure 7 shows the two-dimensional contour plot of the FEL output beam. At this wavelength, we observe two peaks, and some hot spots are also present. Figure 8 shows the beam shape at the waveguide outlet. The mode mixing, which takes place while the beam is transmitted, and also the suppression of some of the modes create a more homogenized beam ͑one peak instead of two͒; but hot spots are still present. Figures 7 and 8 also support the explanation for the significant difference between the transmission of FEL and Er: YAG laser radiation, as shown in Fig. 4 .
Discussion and Conclusion
We presented a series of experiments to evaluate our waveguides in the FEL environment. We show that by changing parameters in the waveguide fabrication process we have the ability to optimize transmission to a desired range of wavelengths. We discuss and clarify the difference in the transmission between FEL and Er:YAG at the same wavelength. We show that these waveguides are able to transmit laser radiation wavelengths in the mid-IR spectrum defined in Table 1 . We continue to refine our waveguides in order to achieve better transmission. New materials for all three major components of the waveguides are now under investigation. We are working on flexible metal tubes as well as continuing to use Teflon and fused silica. Other reflecting and refracting layers are being developed. All these efforts are made in order to improve resistance to high peak power, to decrease the attenuation, and to improve the quality of the beam shape for an efficient interaction with tissue. We plan to continue to perform the above-described experiments with these new and refined waveguides. We also plan to carry out thermal characteristics measurements, a damage threshold study, and an interaction with tissue with the use of these waveguides.
